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play a pivotal role in healing and regeneration of various tissues. However, the cellular response
of BMCs in avascular tissue such as the intervertebral disc (IVD) has not been studied in detail.
One of the main obstacles to this is a lack of a suitable mouse disc degeneration model.
PURPOSE: The purpose of this study was to establish a reproducible disc degeneration mouse
model suitable for analyzing the cellular response of the disc microenvironment and to determine
whether BMCs are recruited into the IVD.
STUDY DESIGN: An experimental animal study of disc degeneration investigating the potential
of BMCs in an endogenous repair of the IVD.
METHODS: We transplanted whole bone marrow cells from mice ubiquitously expressing
enhanced green fluorescent protein into lethally irradiated mice. Intervertebral disc degenera-
tion was induced through uneven loading by creating a loop in the tail of these mice. The
vertebral bone-disc-vertebral bone units were harvested, and BMCs were identified by
immunohistochemistry.
RESULTS: A new disc degeneration model was established in the mouse. Applying this model in
the bone marrow chimeric mice increased the number of BMCs in the peripheral bone marrow and
vascular canals in the endplate, and some were found in the IVD. The migration of BMCs was re-
lated to the severity of IVD degeneration.
CONCLUSIONS: Although providing a new disc degeneration model in mice, the present study
provides evidence to suggest that although BMCs are recruited during disc degeneration, only a
limited number of BMCs migrate to the IVD, presumably because of its avascular nature. This fact
provides important elements for developing new treatments as many growth factors and compounds
are being tested, both in investigational levels and clinical trials to nourish resident endogenous
cells during the degenerative process.  2015 The Authors. Published by Elsevier Inc. This is
an open access article under the CC BY-NC-SA license (http://creativecommons.org/licenses/by-
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Fig. 1. Illustrative description of the bone marrow chimera mouse gener-
ation. Whole bone marrow was harvested from green fluorescence protein
(GFP) transgenic mouse donor. Irradiation killed all the bone marrow cells
in the host mouse. Bone marrow cell transplantation was performed, and 8
weeks later, host mouse demonstrated chimerism of more than 90%.
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Although low back pain has numerous determinants,
disc degeneration of the lumbar spine is a clear contributing
factor [1,2]. Tissue destruction and altered function of the
intervertebral disc (IVD) cause instability of the associated
spinal motion segment, which largely accounts for low
back pain, secondary spinal deformity, and neural compres-
sive manifestations [3]. Thus, understanding the pathology
of disc degeneration caused by cells and their surrounding
microenvironment and their roles in IVD homeostasis is
important for preventing and treating disc degeneration.
In general, tissue homeostasis is maintained through the
response of resident cells, their microenvironment, and
their ability to promote healing and regeneration in various
organs [4]. The mobilization and homing of bone marrow–
derived cells (BMCs) play a pivotal role in healing and re-
generation of the myocardium, brain, kidney, lung, liver,
and skin [5–10].
The past decade has produced numerous advances in our
basic knowledge of the anatomy, biochemistry, and biome-
chanical features of disc cells. However, whether BMCs mi-
grate to the IVD during progressive disc degeneration has
not been studied. In the present study, bone marrow chimeric
mice expressing enhanced green fluorescent protein (GFP)
were studied using a mouse loop-disc degeneration model.Fig. 2. Illustrative description of the tail-looping model.Materials and methods
Mice
C57BL/6J mice were purchased from Japan CLEA, Inc.
(Tokyo, Japan). Transgenic mice that ubiquitously express
GFP (GFP-transgenic mice, from a C57BL/6 background)
were provided by Professor M. Okabe (Osaka University,
Osaka, Japan) [11]. All experimental procedures and proto-
cols were approved by the Animal Care and Use Commit-
tee at the authors’ institution.
Generation of bone marrow chimeras
Ten to 12-week-old female GFP-transgenic mice (n527)
were used as BMC donors. Eight to 10-week-old female
C57BL/6J mice were used as recipients of the BMCs
(n510). Recipient mice were administered a single 850-
cGy dose of whole-body irradiation. Under general anesthe-
sia with 2.0% isoflurane (Abbott Laboratories, Abbott Park,
IL, USA), 5.0105 unfractionated BMCs were harvested
from femora and tibiae of the donor mice and injected into
the tail vein of the irradiated recipients. To analyze the en-
graftment of donor BMCs, peripheral blood was obtained
from the retro-orbital plexus of the recipient mice using
heparin-coated micropipettes. Red blood cells were lysed
by a hemolytic solution containing 0.16 mol/L NH4Cl. Cells
derived from donor mice were detected by FACS Calibur
(Becton Dickinson, Franklin Lakes, NJ, USA). Eight weeksafter bone marrow transplantation, the chimerism of GFP
was 95%64% (mean6standard deviation) (Fig. 1).Tail-looping model of IVD degeneration
To induce disc degeneration in the chimeric mice, we in-
troduced a new model of IVD degeneration by tail-looping.
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flurane. The tail was looped at a fixed position between ver-
tebrae 5 and 13 using the simple surgical procedure
indicated in Fig. 2. The loop was held in position with a
0.8-mm stainless steel wire, and the distal tail portion
was excised. This disc-compression model provides rela-
tively constant compression in all mice because of minimal
surgical variability. The severity of degeneration can be
tuned by adjusting the looping period or additional nucleus
aspiration. Nine mice were sacrificed at 4, 8, and 12 weeks
after looping for histologic evaluation. Coccygeal IVDs 2
of 3 and IVDs C3–C4 were analyzed in the less- or nonde-
generative control group (Group C). Intervertebral discs
C10–C11 and C11–C12 were analyzed in the mildly degen-
erative IVD group (Group D). Intervertebral discs C7–C8
and C8–C9 were analyzed in the most severe induction
group (Group S) by adding aspiration of the nucleus pulpo-
sus (NP) using a 27-gauge needle and a microinjector insu-
lin syringe (Becton Dickinson) with a stopper to aspirate in
a controlled manner just after looping (Fig. 2). The average
amount of NP tissue that was obtained in the syringe with
single aspiration was 154646 mg per disc.Fig. 3. Illustrative description of the areas investigated in counting the
bone marrow–derived cells.Histology
At 4, 8, or 12 weeks after looping, mice were euthanized
by an excessive inhalation of isoflurane. The coccygeal
IVDs C2–C3, C3–C4, C7–C8, C8–C9, C10–C11, and
C11–C12 were excised immediately in continuity with their
cranial and caudal vertebral bodies. The columnar tissues
were removed, muscles and connective tissues were sev-
ered, and the vertebral body-disc-vertebral body units were
separated. Because the expression of GFP is stabilized best
in frozen sections, we applied the film method developed
by Kawamoto and Shimizu [12], which does not require de-
calcification. The IVD section is supported by film and
glue, avoiding the decomposition that usually occurs be-
cause of the differing tissue solidity. Briefly, the frozen
samples were immersed in 5% carboxymethyl cellulose
gel for 10 minutes and frozen completely in the carboxy-
methyl cellulose gel in cooled hexane. Next, the frozen
blocks were fastened to the cryomicrotome (Leica Instru-
ments, Wetzlar, Germany) in the cryochamber (25C)
and trimmed with a disposable tungsten carbide blade (Jung
TC-65A, angle of 35; Leica Instruments) having a clear-
ance angle of 15. The trimmed surface was covered with
a Cryofilm (Finetech, Tokyo, Japan) using a brush to re-
move air bubbles behind the film. The sample was then
cut at 5- to 7-mm thickness and dried at room temperature.
Afterward, the film was soaked briefly in ethanol and xy-
lene (within 10 seconds for each step) and mounted on a
glass slide so that the sampling side faced upward. Five
films from each group and times were stained with hema-
toxylin and eosin and safranin-O for evaluation. The sam-
ples were evaluated using the disc degeneration grading
system of Nishimura and Mochida [13], which focuses onthe morphologic changes in the annular structure and the
Nomura system for degenerative changes in the NP [14].
Evaluations were performed by three researchers, and all
gradings were repeated three times.
Immunohistochemical analyses
The sections were stained with Alexa Fluor 488–conju-
gated anti-GFP (rabbit IgG fraction; Molecular Probes and
Invitrogen, Life Technologies, Carlsbad, CA, USA) to visu-
alize BMCs. To exclude leukocytes or monocytes from mi-
grating BMCs, biotin-conjugated rat anti-CD45 or CD11b
(Abcam) was used as the primary antibody and
streptavidin-conjugated Alexa 594 (Molecular Probes) as
the secondary antibody, and the samples were viewed on a
fluorescence microscope (Olympus, Tokyo, Japan) or a con-
focal laser microscope (LSM510, Carl Zeiss, Oberkochen,
Germany). 40,6-Diamidino-2-phenylindole or TOTO3 was
used for nuclear staining.
To identify whether BMCs migrated from the bone mar-
row of the adjacent vertebral body, GFP-positive BMCs
were examined in the following areas: metaphysis (M), ep-
iphysis (E), endplate (EP), inner annulus fibrosus (IAF),
outer annulus fibrosus (OAF), and NP (Fig. 3).
The cell density of GFPþ CD45 or CD11b BMCs was
calculated in each area from an average of 10 randomly se-
lected serial sections (cells/mm2) using Image J 1.44 soft-
ware (http://wsr@nih.gov/). Only cells with fully stained
nuclei were counted. The estimated appearance rate of
BMCs that migrated into Area E or EP was compared by
calculating the cell density of BMCs counted in Area E or
EP (cells/mm2) divided by the density of BMCs counted
in Area M (cells/mm2)100. Evaluation was performed by
three researchers, and all gradings were repeated three times.
Statistical analyses
All data are expressed as mean6standard error of the
mean. The Kruskal-Wallis test was used to analyze non-
parametric data (histologic grading) for the effect of time
and type of induction of disc degeneration. Wilcoxon
signed-rank test was used to analyze differences between
1359D. Sakai et al. / The Spine Journal 15 (2015) 1356–1365two samples, and post hoc testing (Tukey-Kramer) was per-
formed when appropriate. p Value of less than .05 was con-
sidered significant.Results
Evaluation of induced disc degeneration by histology
Histology of the collected IVD specimens showed that
no apparent degenerative change was detected in Group C,
whereas progressive wedging with loss of intact structure
of the IVD was seen in groups D and S with looped time
(Fig. 4A). Grading in the annulus fibrosus showed that in
Group C, all discs remained in either Grade 0 or 1
throughout the 8 weeks. Only 2 of the 18 discs examinedA
Fig. 4. (A) The representative histologic images of the intervertebral disc specime
bars: 200 mm. (B) Result of the histologic grading of the annulus fibrosus by Nishim
C (average grade: Week [wk] 4, 0.1760.09; wk 8, 0.2860.10; and wk 12, 0.4460.1
4, 2.5560.12; wk 8, 3.6660.11; and wk 12, 4.1160.07) and most severe degenera
12, 560). Significant difference was found among all groups after 12 wks (p!.01
Results of the histologic grading of the nucleus pulposus by Nomura system show
wk 4, 0.1760.09; wk 8, 0.4460.12; and wk 12, 0.6160.12); however, the degenera
(average grade: wk 4, 1.8360.09; wk 8, 2.2260.10; and wk 12, 2.6160.18), compa
12, 560), resulting in significant difference among all groups after 12 wks (p!.01
images stained by safranin-O. Note the decreased staining intensity of glycosaminshowed Grade 2 after 12 weeks. Progressive degeneration
was observed in Group D, in which 10 of 18 discs were
graded 3 at 4 weeks and 16 of 18 discs were graded 4 at
12 weeks. A more progressive change was observed in
Group S, 13 of 18 discs were graded 3 at 4 weeks and
all 18 discs showed Grade 5 at 12 weeks (Fig. 4B). Signif-
icant difference was found among all groups after 12
weeks (p!.01). The grading in the NP showed a slower
degenerative trend in Group D in the earlier time points.
All discs in Group C maintained Grade 0 or 1 throughout
the 12 weeks. In Group D, 15 of 18 discs were graded 2
after 4 weeks and 8 of 18 were graded 3 or 4 after 12
weeks. The most progression was observed in Group S,
in which 15 of 18 discs were graded 4 after 8 weeks,
and all discs showed Grade 5 after 12 weeks (Fig. 4C).ns in each group at designated time points. Hematoxylin and eosin staining,
ura system showed that whereas only mild degeneration was found in Group
6), progressive degeneration was found in Group D (mean average grade: wk
tion in Group S (average grade: wk 4, 3.2860.10; wk 8, 4.3960.11; and wk
). All data are expressed as mean6standard error of the mean (SEM). (C)
ed similar trend, with Group C showing mild degeneration (average grade:
tion process was slower in earlier time points and relatively mild in Group D
red with Group S (average grade: wk 4, 2.2260.10; wk 8, 3.8360.09; and wk
). All data are expressed as mean6SEM. (D) The representative histologic
oglycan in the magnitude of severity and looped time.
Group C Group D Group S 
Wk4 Wk8 Wk12 Wk4 Wk Wk Wk Wk Wk
Mean
Grade 
Mean Grade 
Group C Group D Group S 
Wk4 Wk8 Wk12 Wk4 Wk Wk Wk Wk Wk
Mean
Grade 
Mean Grade B C
D
Fig. 4. (continued).
1360 D. Sakai et al. / The Spine Journal 15 (2015) 1356–1365Significant difference was found among all groups after 12
weeks (p!.01). The interobserver agreement among the
three senior researchers in grading the IVD specimens
was 96.4%.Safranin-O staining showed intense staining of glycosa-
minoglycans in the NP in Group C discs, less intense stain-
ing in Group D discs, and no staining in Group S discs at 12
weeks after induction. These results demonstrate that
AB
C
D
E
F
G
Fig. 5. Results of bone marrow–derived cell (BMC) counting in each of the areas were evaluated. (A) Metaphysis, (B) epiphysis, (C) endplate, (D) inner
annulus fibrosus, and (E) nucleus pulposus. Estimated appearance rate of BMCs in the (F) epiphysis and (G) endplate calculated from the number of BMCs
found in the metaphysis.
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alleled the severity of the induction and looped time
(Fig. 4D).Recruitment of BMCs
In Area M, the number of BMCs in Group C was 23.162.8
per mm2 at 4 weeks and did not change throughout 12 weeks.
By contrast, the number of BMCs decreased significantly after
12 weeks in groups D and S (Group D, 8.563.2 per mm2 and
Group S, 9.264.1 per mm2, p!.01) (Fig. 5A). In Area E, sig-
nificantly fewer BMCs were seen in Group C than in groups
D and S after 12 weeks (Group C, 10.462.1 per mm2; GroupD, 16.462.4 per mm2; and Group S, 15.163.2 per mm2,
p!.01) (Fig. 5B). In Area EP, no BMCs were observed in
Group C through 12 weeks, whereas one to two cells were ob-
served in groupsD andS after 12weeks (GroupD, 1.560.4 per
mm2 and Group S, 1.560.3 per mm2) (Fig. 5C). In the IAF,
BMCswere not seen in Group C and were seen only occasion-
ally in groups D and S after 12 weeks (Group D, 0.660.2 per
mm2 and Group S, 0.660.18 per mm2) (Fig. 5D). Even fewer
BMCs were found in the NP at 12 weeks (Group C, 0 cells;
Group D, 0.260.04 per mm2; and Group S, 0.460.05 per
mm2) (Fig. 5E). No BMCs were found in the OAF in general;
however, in Group S where injury was applied by injection,
GFP-positive cells were found around the injured site.
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and with the severity of degeneration: 48.2%65.5% in
Group C, 201%625.2% in Group D, and 161.6%69.2%
in Group S after 12 weeks (p!.01) (Fig. 5F). Fewer BMCs
were seen in the EP: no cells in Group C, 18.3%64.1% in
Group D, and 16.5%63.5% in Group S after 12 weeks
(p!.01) (Fig. 5G).Discussion
The discovery of stem/progenitor cells residing in vari-
ous organs such as the bone marrow, adipose tissue, skel-
etal muscle, and circulating blood has substantiated
theories about the presence of regenerative populations
of cells that migrate to the distant injured organ or tissue
to take part in regeneration [15]. In bone marrow chimeric
mice, BMCs contribute to the regeneration processes in the
heart, brain, lung, liver, skin, cornea, and spinal cord [5–
10,16,17]. In these models, BMCs migrate to the injured
organ via the vasculature and are thought to contribute to
the repair process by either differentiating into functioning
cells or supporting the host cells by secreting growth fac-
tors and signaling agents. The question whether this type
of dynamic cellular response exists in the course of IVD
degeneration is doubtful because of the avascular nature
of the IVD.
The IVD is the largest avascular organ in the human
body. The surrounding vasculature ends in the cartilagi-
nous EP where small numbers of vascular buds are found
in the canals [18]. There is also sparse vasculature in the
most outer layer of the annulus fibrosus, and vessels do
not penetrate into the annulus fibrosis because it is pro-
tected by the dense layers of collagen fibers [18,19]. Nu-
trients and metabolites can reach the disc essentially by
diffusion through the vertebral endplates and the annulus
fibrosus. As a result, oxygen tension within the disc de-
creases progressively in the order EP, IAF, and NP. Within
the center of the disc, cell metabolism is partly anaerobic,
which leads to a high concentration of lactic acid and low
pH conditions [20]. This specialized microenvironment of
the IVD, with no vascularity in the IAF and NP, led us to
speculate that BMCs do not migrate into the IVD and to
decide to use bone marrow chimeric mice for this study.
In the process of generating chimeric mice, whole-body ir-
radiation was applied. Irradiation is known to impair the
metabolism of various cells; therefore, its effect on IVD
cells was anticipated in the process of chimeric mice gen-
eration. To assess whether whole-body irradiation itself ef-
fects progression of disc degeneration in mice without
induction of disc degeneration, we histologically compared
IVDs of mice that received radiation to those that did not
for 12 weeks in a preliminary study. Results showed that
in the analyzed time points, the effect on IVD cells was
minimal, and no significant differences were found by his-
tologic grading. This may be because of the slow cell turn-
over rate of IVD cells.There are few models to study IVD degeneration in the
mouse. The mouse has been used as a model of degenera-
tive disc disease to study spine biomechanics, gene func-
tions in the developing spine, and the effect of growth
factors on the degenerated discs [21–24]. Despite the limi-
tation that IVDs are not the same in mice and humans by
means of smaller disc size, biomechanical stress that they
receive (less axial compression or torsion), cell composi-
tion (primarily notochordal cells), or nutrition, these studies
justify the use of the mouse for certain objectives to study
the IVD from various angles. Yang et al. [24] reported an
annulus puncture mouse model involving injury-induced
disc degeneration often used in rabbit models. In the
present study, we wanted to develop a milder less traumatic
model with sufficient consistency to mimic the uneven me-
chanical loading of the IVD, as in the case of degenerative
scoliosis in humans, which is thought to relate closely to
disc degeneration [25]. In the present study, creating a loop
in the tails of the mice at the same vertebrae showed that
this procedure induced annular disorientation in the con-
cavity of the loop, which led to NP cell condensation and
loss of glycosaminoglycans, some of the histologic features
shared with IVD degeneration. Nucleus aspiration in a con-
trolled manner was applied additionally to investigate more
severe degeneration. The advantage of the loop model is
that it provides models that can be adjusted to include mild,
less, and severe traumatic changes in the same animal sav-
ing the number of animals used. The established grading
systems were used to quantify the severity of degeneration
in the AF and NP and to identify any relationships with
looping time in a consistent manner. However, this model
at the same time demonstrates several limitations. One is
the unchangeable use of disc levels that can affect the pro-
gression of disc degeneration. We used the same animal to
investigate different degeneration model as to save animal
numbers. In theory, it is rational to investigate each degen-
eration model in different animals. Another limitation is the
fact that we cannot fully deny that blood circulation may be
affected in certain areas of the loop and difference in size of
the disc may affect the progression of disc degeneration. To
develop the tail-looping model as a universal model, we
would need to further define the accuracy, reproducibility,
and the ability for quantitative analysis. Furthermore, the
histologic disc degeneration was graded based on the
changes seen in the concavity of the loop because the grad-
ing system available does not support changes seen in the
convexity and needs to be developed. Although fairly con-
stant degeneration was observed in the present study, care-
ful interpretation must be taken to rationalize the use of this
model, as done in any experimental animal studies.
The bone marrow chimeric mice are a useful tool for
studying the cellular dynamic response to organ injury dis-
tant from the bone marrow [26]. The conventional methods
without decalcification would not be applicable to these
sections of the vertebrae and the IVD because the GFP is
unstable in water and hydrophilic solvents. Conversely,
Fig. 6. (Top) A representative image of bone marrow–derived cells (BMCs
found in themetaphysis (M), epiphysis (E), and thevascularcanalsof theendplate
(EP) (arrows) of Week 12 Group C disc. Magnification, 20. (Middle) Only a
limited number of cells were detected in the inner annulus fibrosus (IAF) (arrow
or thenucleuspulposus (NP) inWeek12GroupDdisc.Magnification,10. (Bot
tom)Week12GroupSdisc.Note that greenfluorescence protein–positiveBMCs
are gathering around the injured site. Magnification, 10.
1363D. Sakai et al. / The Spine Journal 15 (2015) 1356–1365the film method by Kawamoto and Shimizu [12] enables
the frozen sections to be prepared easily and rapidly. Cellu-
lar GFP from the mouse vertebrae and the IVD could be
fixed with ethanol and the fluorescence of GFP displayed
clearly. In evaluating the BMCs that may have migrated to-
ward the IVD after induction of disc degeneration, we sep-
arated the vertebrae-IVD junctional area anatomically into
M, E, EP, IAF, NP, and OAF.
Thinking about the blood stream from the vertebrae to-
ward the direction of the IVD, BMCs must first cross the
growth plate, then through the epiphysis, and into the ca-
nals of the EP. From there, it is not known whether cellular
migration occurs through the EP. The result of the fluores-
cence immunohistochemistry showed that the BMCs were
found in all these regions and that the distribution differed
significantly from that in the control animals after induction
of degeneration. However, the magnitude of differences in
the distribution of BMCs decreased with increasing dis-
tance from the vasculature; that is, a marked difference
was seen among the number of BMCs in the M, E, and
EP. The number of BMCs found in the E of Group C was
about 10 cells per mm2 after 12 weeks of looping, although
no BMCs were detected in the EP (Fig. 6, Top). By con-
trast, in groups D and S, few cells were detected in the
EP, but the frequency was extremely low, about 1.5 cells
per mm2 after 12 weeks of looping. The number of BMCs
found in the IAF was even lower, BMCs were found only in
a few sections and even fewer were found in the NP (Fig. 6,
Middle).
Estimates of the appearance rates of BMCs in the E and
EP and comparison with the rate in the M showed that after
12 weeks of looping, the appearance rate in the E was sig-
nificantly higher in groups D and S compared with the con-
trol. No cells were detected in the EP in the control group
or in groups D and S. The low appearance rate in the EP
shows the barrier effect of the EP in preventing or limiting
cellular penetration to the IVD through the EP route.
The fact that no cells were detected in the OAF in Group
D but some were detected in Group S suggests that in
Group S, migration of BMCs to the injured site was initi-
ated by the needle injury (Fig. 6, Bottom). Without annular
injury, of the two nutritional diffusion pathways, cell mi-
gration is more likely to occur in the EP pathway rather
than the annulus pathway. Disruption of the dense lamellar
annulus fibrosus may activate the annulus pathway. These
findings show for the first time that initiation of disc degen-
eration recruits BMCs toward the IVD; however, the effect
is limited, especially in regions with no vasculature. As in
other organs, the migratory pathway of BMCs into the IVD
is related to the extent of the surrounding vasculature. One
aspect of this loop degeneration model that needs careful
interpretation is the fact that the loading on the endplate
is asymmetric. It has been known that asymmetric loading
on the endplates causes accelerated remodeling. Therefore,
there is a possibility that recruitment of BMCs is occurring
in response to the remodeling of the endplate cells and not)
)
-
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clearly that IVD specimens in Group C with no asymmetric
loading also show BMCs migrating in to the epiphysis;
however, the effect of vertebral remodel cannot be ignored.
Furthermore, it may be interpreted that in IVD specimens
evaluated in Group S with nucleus aspiration, the puncture
of the AF also initiated changes in the loading of the end-
plates accounting for the migration of BMCs.
The results of the present study provide a reasonable ex-
planation of why the IVD has poor regenerative potential
compared with other organs of the body. The fact that the
endogenous cell migratory system is limited in the IVD
provides new insight into IVD cell biology. Clinically, this
fact provides important elements for developing new treat-
ments as many growth factors and compounds are being
tested, both in investigational levels and clinical trials to
nourish resident endogenous cells during the degenerative
process [27]. The results of this study elicit a further ques-
tion for future research as to whether growth factor treat-
ment that can facilitate acceleration of BMCs migration
can be effective as a new therapy. These results also
provide a rational reason for delivery of functional cells
directly from exogenous sources rather than trying to
control endogenous repair. However, we note that results
of the present study may not be directly applied to human
conditions because mice coccygeal IVDs differ from
those in humans, both biomechanically and morphologi-
cally [28].
In summary, we have created a new model of IVD de-
generation in mice, which was induced by tail-looping
and nucleus aspiration. Consistent histologic disc degener-
ation was observed, and this degeneration was related to the
severity and duration of the looping. Using this model, we
traced the dynamic response of BMCs with the progression
of disc degeneration. During the progression of disc degen-
eration, the frequency of BMCs differed significantly
among regions in decreasing order from M, E, EP, IAF,
and NP. No BMCs were detected in the outer annulus in
the less or mildly induced disc degeneration group but
some in the group with severe disc degeneration involving
penetration of the annulus barrier. We discounted the possi-
bility that migrating cells included leukocytes or mono-
cytes. These findings suggest that cells from the bone
marrow can migrate to the IVD during disc degeneration;
however, the migratory effect is limited because of the con-
tained avascular nature of the IVD. Despite the limitations
of this model, these findings provide a new model for a cell-
and growth factor–based approach to studying the repair of
the IVD. The present study provides new insight into IVD
cell biology and an important fact to determine the ration-
ality of new therapies being developed.References
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